We study the possibility of right-handed neutrino dark matter (DM) in gauged U (1) B−L × Z 2 extension of the standard model augmented by an additional scalar doublet, being odd under the Z 2 symmetry, to give rise to the scotogenic scenario of radiative neutrino masses. Due to lepton portal interactions, the right-handed neutrino DM can have additional co-annihilation channels apart from the usual annihilations through Z B−L which give rise to much more allowed mass of DM from relic abundance criteria, even away from the resonance region like M DM ≈ M Z B−L /2. This enlarged parameter space is found to be consistent with neutrino mass constraints while being sensitive to direct detection experiments of DM as well as rare decay experiments looking for charged lepton flavour violating decays like µ → eγ. Due to the possibility of the Z 2 odd scalar doublet being the next to lightest stable particle that can be sufficiently produced in colliders by virtue of its gauge interactions, one can have interesting signatures like displaced vertex or disappearing charged tracks provided that the mass splitting δM between DM and the next to lightest stable particle (NLSP) is small. In particular, we show that if δM < m τ = 1.77 GeV, then get large displaced vertex signature of NLSP while being consistent with neutrino mass, lepton flavour violation and observed relic density.
I. INTRODUCTION
It is quite well known, thanks to several evidences gathered in the last few decades, starting from the galaxy cluster observations by Fritz Zwicky [1] back in 1933, observations of galaxy rotation curves in 1970's [2] and the more recent observation of the bullet cluster [3] to the latest cosmology data provided by the Planck satellite [4] , that the present Universe is composed of a mysterious, non-luminous and non-baryonic form of matter, known as dark matter (DM). The latest data from the Planck mission suggest that the DM constitutes around 27% of the total energy density of the present Universe. In terms of density parameter Ω DM and h = (Hubble Parameter)/(100 kms −1 Mpc −1 ), the present DM abundance is conventionally reported as [4] :
at 68% CL. However, in spite of such overwhelming evidences from astrophysics and cosmology based experiments, very little is known about the particle nature of DM. The typical list of criteria, that a particle DM candidate has to satisfy [5] , already rules out all the standard model (SM) particles from being a DM candidate. This implies that we need physics beyond standard model (BSM) to incorporate the cosmic DM abundance. The most widely studied DM scenario so far has been the weakly interacting massive particle (WIMP) paradigm.
Here, the DM particle, having mass and interactions typically in the electroweak scale, can
give rise to the correct relic abundance after thermal freeze-out, a remarkable coincidence often referred to as the WIMP Miracle [6] . For a recent review, one may refer to [7] . Such electroweak scale mass and interactions make this WIMP paradigm very appealing from direct detection point of view as well [8] .
Apart from DM, another equally appealing motivation for BSM physics is the observed neutrino mass and mixing which have been confirmed by several experiments for more than a decade till now [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Among them, the relatively recent experimental results from the T2K [13] , Double Chooz [14] , Daya Bay [15] , RENO [16] and MINOS [17] experiments have not only confirmed the results from earlier experiments but also discovered the non-zero reactor mixing angle θ 13 . For a recent global fit of neutrino oscillation data, we refer to [19] .
Apart from neutrino oscillation experiments, the neutrino sector is constrained by the data from cosmology as well. For example, the latest data from the Planck mission constrain the sum of absolute neutrino masses i |m i | < 0.12 eV [4] . Similar to the observations related to DM, these experimental observations also can not be addressed by the SM as neutrinos remain massless at the renormalisable level. The Higgs field, which lies at the origin of all massive particles in the SM, can not have any Dirac Yukawa coupling with the neutrinos due to the absence of the right-handed neutrino. Even if the right handed neutrinos are included, one needs the Yukawa couplings to be heavily fine tuned to around 10 −12 in order to generate sub-eV neutrino masses from the same Higgs field of the SM. At non-renormalisable level, one can generate a tiny Majorana mass for the neutrinos from the same Higgs field of the SM through the dimension five Weinberg operator [20] . However, the unknown cut-off scale Λ in such operators points towards the existence of new physics at some high energy scale. Several BSM proposals, known as seesaw mechanisms [21] [22] [23] [24] , attempt to provide a dynamical origin of such operators by incorporating additional fields.
Apart from the conventional type I seesaw, there exist other variants of seesaw mechanisms also, namely, type II seesaw [25] [26] [27] [28] [29] , type III seesaw [30] and so on.
Although the origin of neutrino mass and DM may appear to be unrelated to each other, it is highly appealing and economical to find a common origin of both. Motivated by this here we study a very well motivated BSM framework based on the gauged U (1) B−L symmetry [31] [32] [33] [34] [35] , where B and L correspond to baryon and lepton numbers respectively. The most interesting feature of this model is that the inclusion of three right-handed neutrinos, as it is done in type I seesaw mechanism of generating light neutrino masses, is no longer a choice but arises as a minimal possible way to make the new U (1) B−L gauge symmetry anomaly free. 1 The model has also been studied in the context of dark matter by several groups [42] [43] [44] [45] [46] [47] [48] [49] . DM in scale invariant versions of this model was also studied by several authors [50, 51] . Although the scalar DM in such models can be naturally stable by virtue of its B − L charge, the fermion DM can not be realised in the minimal model except for the possibility of a keV right-handed neutrino DM which is cosmologically long lived [52] . One can introduce additional discrete symmetries, such as Z 2 that can stabilise one of the righthanded neutrinos [53] [54] [55] [56] while the other two neutrinos take part in the usual type I seesaw mechanism, giving rise to solar and atmospheric neutrino mixing. Since the right-handed neutrino DM in this case annihilates into the SM particles only through the U (1) B−L gauge bosons, the relic density is typically satisfied only near the resonance
Since the experimental limits from LEP II constrain such new gauge sector by giving a lower bound on the ratio of new gauge boson mass to the corresponding gauge coupling
TeV [57, 58] , typically one gets a lower bound on Z B−L mass to be around 3 TeV for generic gauge coupling g B−L similar to electroweak gauge couplings. This constrains the allowed DM mass to be more than a TeV. Presence of additional light scalars can however, allow lighter DM as well. But in this case also, the allowed DM mass should lie in the vicinity of the resonance region. Apart from this close tuning of DM mass depending upon the mediator masses, the DM sector also gets decoupled from the neutrino mass generation mechanism in such a case, due to the absence of any coupling of DM to the leptons.
In this work, we consider the SM augmented by U (1) B−L × Z 2 symmetry. In addition to three right-handed neutrinos: N iR , we introduce one scalar doublet η which are all odd under the discrete Z 2 symmetry. The gauged B − L symmetry is broken by introducing a singlet scalar χ which acquires a non-zero vacuum expectation value (VEV). As a result the low energy phenomenology of this model is similar to the popular BSM framework that provides a common origin of neutrino mass and DM, known as the scotogenic scenario as proposed by Ma [59] , where the Z 2 odd particles take part in radiative generation of light neutrino masses. We consider the lightest right-handed neutrino to be lightest Z 2 odd particle and hence the DM candidate. We note that this model was proposed by the authors of [60] with limited discussions on right handed neutrino dark matter relic. In this model, we perform a more detailed study of right handed neutrino dark matter, pointing out all possible effects that can affect its relic abundance. Due to the existence of new Yukawa interactions, we find that the parameter space giving rise to correct relic abundance is much larger than the and NLSP is less than τ lepton mass, then we can get displaced vertex upto 10 cm. In addition to that the parameter space also remains sensitive to ongoing and near future runs of dark matter direct detection as well as rare decay experiments looking for lepton flavour violating charged lepton decay like µ → eγ.
This article is organised as follows. In section II, we discuss the model followed by neutrino mass in section III. We briefly discuss the possibility of lepton flavour violation in section IV followed by the details of dark matter phenomenology in section V. We briefly discuss some collider signatures of the model in section VI and finally conclude in section VII. These triangle anomalies for the SM fermion content turns out to be
II. THE MODEL
These anomalies can be cancelled minimally by introducing three right-handed neutrinos: N iR with unit lepton number each, which is exactly what we need in the SM for realising neutrino masses. These right-handed neutrinos contribute A
leading to vanishing total of triangle anomalies. As pointed out before, there exists alternative and non-minimal ways to cancel these anomalies as well [36] [37] [38] [39] 41] .
We then extend the minimal gauged U (1) B−L model by introducing an additional Z 2 symmetry and a scalar doublet η so that the right-handed neutrinos: N iR and η are odd under the unbroken Z 2 symmetry. The BSM particle content of the model is shown in 
-
The corresponding Lagrangian can be written as,
Where
The mass eigenstates h 1 and h 2 are linear combinations of h and s and can be written as
where
Such a mixing can be tightly constrained by LEP as well as LHC Higgs exclusion searches as shown recently by [61] . These constraints are more strong for low mass scalar and the upper bound on the mixing angle can be as low as sin γ < 0.1 [61] . We consider a conservative upper limit on the mixing parameter sin γ ≤ 0.1 for our analysis. This can be easily satisfied by suitable tuning of the parameters involved in the expression for mixing given in (10).
Physical masses at tree level for all the scalars can be written as:
Thus, the scalar sector consists of one SM Higgs like scalar h 1 , one singlet scalar h 2 , one charged scalar η ± , another neutral scalar η R and one pseudoscalar η I .
III. NEUTRINO MASS
As mentioned earlier, neutrinos do not acquire mass through Yukawa couplings of the type N RH † L as they are forbidden by the unbroken Z 2 symmetry. Therefore, type I seesaw is forbidden here. However, the term:
(H † η) 2 allows us to get radiative neutrino mass at one loop level, as shown by the Feynman diagram in figure 1,
Radiative neutrino mass in scotogenic fashion.
By the exchange of Re(η 0 ) and Im(η 0 ) we can analytically calculate the one-loop diagram similar to [59] which gets a non-zero contribution after the electroweak symmetry breaking
ηI . In our analysis we use λ 2 ∼ 10 −10 to get the correct neutrino mass.
The one-loop expression for neutrino mass is
where M k is the right handed neutrino mass.
The above Eq. (16) equivalently can be written as
where Λ can be defined as,
Since the inputs from neutrino data are only in terms of the mass squared differences and mixing angles, it is often useful to express the Yukawa couplings in terms of light neutrino parameters. This is possible through the Casas-Ibarra (CI) parametrisation [62] extended to radiative seesaw model [63] which allows us to write the Yukawa couplings as
Where R can be a complex orthogonal matrix in general with RR T = 1 which, for simplicity is chosen to be real in our calculations. U PMNS is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) leptonic mixing matrix
If the charged lepton mass matrix is diagonal or equivalently, U L = 1, then the PMNS mixing matrix is identical to the diagonalising matrix of neutrino mass matrix. The PMNS mixing matrix can be parametrised as [19] .
IV. LEPTON FLAVOUR VIOLATION
Charged lepton flavour violation arises in the SM at one loop level and remains suppressed by the smallness of neutrino masses, much beyond the current and near future experimental sensitivities. Therefore, any experimental observation of such processes is definitely a sign of BSM physics, like the one we are studying here. In the present model, this becomes inevitable due to the couplings of new Z 2 odd particles to the SM lepton doublets. The same fields that take part in the one-loop generation of light neutrino mass shown in figure 1 can also mediate charged lepton flavour violating processes like µ → eγ. The neural scalar in the internal lines of figure 1 will be replaced by their charged counterparts (which emit a photon) whereas the external fermion legs can be replaced by µ, e respectively, giving the one-loop contribution to µ → eγ. Since the couplings, masses involved in this process are the same as the ones that generate light neutrino masses and play a role in DM relic abundance, we can no longer choose them arbitrarily. The branching fraction for µ → eγ that follows from this one-loop contribution can be written as [64] ,
Where α em is the electromagnetic fine structure constant, e is the electromagnetic coupling and G F is the Fermi constant. A D is the dipole form factor given by
Here the parameter ξ i 's are defined as
The MEG experiment provides the most stringent upper limit on the branching ratio Br(µ → eγ) < 5.7 × 10 −13 [65] . A more recent bound from the same MEG collaboration that appeared in 2016 is: Br(µ → eγ) < 4.2 × 10 −13 [66] .
V. DARK MATTER
The relic abundance of a dark matter particle DM, which was in thermal equilibrium in the early Universe, can be calculated by solving the required Boltzmann equation:
where n DM is the number density of the dark matter particle DM, n eq DM is the equilibrium number density of DM, H is the Hubble expansion rate of the Universe and σv is the thermally averaged annihilation cross section of DM. In terms of partial wave expansion one can write, σv = a + bv 2 . Numerical solution of the above Boltzmann equation gives [6, 67 ]
where 
which can be derived from the equality condition of DM interaction rate Γ = n DM σv with the rate of expansion of the Universe H ≈ g
. There also exists a simpler analytical formula (for s-wave annihilation) for the approximate DM relic abundance [68 ]
The thermal averaged annihilation cross section σv is given by [69] 
where K i 's are modified Bessel functions of order i and T is the temperature.
If there exists some additional particles having mass difference close to that of DM, then they can be thermally accessible during the epoch of DM freeze out. This can give rise to additional channels through which DM can co-annihilate with such additional particles and produce SM particles in the final states. This type of co-annihilation effects on dark matter relic abundance were studied by several authors in [70] [71] [72] [73] [74] . Here we summarize the analysis of [70] for the calculation of the effective annihilation cross section in such a case.
The effective cross section can given as
The masses of the heavier components of the inert Higgs doublet are denoted by m i . The thermally averaged cross section can be written as
We first implement our model in micrOMEGAs package [75] to calculate the relic abundance of DM, the results of which we discuss in the following subsections. 
FIG. 3: DM annihilation channels.
We first show the effects of co-annihilations on DM relic abundance by considering four different mass splittings δM 1 = M NLSP − M N 1 where NLSP is the scalar doublet η and its components. In figure 5 we show relic abundance as a function of DM mass for mass splittings δM 1 = 50, 100, 300, 500 GeV and with the singlet scalar-SM Higgs mixing sin γ = 0.1. The Yukawa couplings are generated through the Casas-Ibarra parametrisation so that they automatically satisfy the current experimental constraints from solar and atmospheric mass squared differences as well as mixing angles. As can be seen from figure 5 , the co-annihilation effects can change the relic abundance depending upon the mass splitting δM 1 as well as λ 11 which governs the annihilation through singlet Higgs, which is kept at 0.9 (top left panel) and 0.1 (top right panel) for the comparison purpose. We also check that these values of λ 11 satisfy the direct detection bounds which we will discuss in the subsequent sections. In the top left panel of figure 5 , the coannihilation effects are sub-dominant due to enhanced annihilation via singlet Higgs (caused by large coupling λ 11 ) while in the top right panel, the coannihilation effects are visible, allowing DM mass away from the resonance regions.
To generate this plot, the h 2 scalar mass and the M Z B−L mass have been fixed at M h 2 = 400
GeV and M Z B−L = 2000 GeV respectively. The gauge coupling is fixed at g B−L = 0.035.
Since the same Yukawa couplings also contribute to the charged lepton flavour violation, we compute the corresponding contribution to µ → eγ using (22) . The corresponding scattered plot for Br(µ → eγ) as a function of M N 1 is shown in the bottom pannel of figure 5 and has been compared with the MEG 2016 bound Br(µ → eγ)=4.2 × 10 −13 .
We then show the allowed parameter space in the plane of δM 1 versus M N 1 in figure 6 , using λ 11 = 0.9, that satisfies the constraints from observed DM abundance, neutrino mass as well as LFV constraints from µ → eγ. We see that for a given M N 1 , relic density and LFV constraints can be satisfied in a large range of δM 1 . As we can see from this figure,
there exists some region of parameter space around M N 1 ≈ M h 2 /2 where almost any value of We then consider the mass splitting in the range 0.5 MeV (electron mass) to 1.777 GeV (tau mass) and
GeV. Such mass splittings are chosen in light of the collider analysis that we discuss later, where we consider η-DM mass splitting to be below the tau lepton mass threshold so that η ± can decay to first two generation leptons giving displaced vertex signatures if the Yukawa couplings are small.
The results are shown in figure 7 with the left panel giving the relic abundance versus DM mass while the right panel shows the parameter space in δM 1 − M N 1 plane that satisfies observed DM abundance from Planck and LFV bounds from µ → eγ. Note that in figure   7 , the scalar mixing is kept at sin γ = 0.1 and for simplicity we assume y e1 = 0 , y µ1 = 0.
In principle, the first two generation Yukawas are non-vanishing but we choose them to be small for our collider analysis (to be discussed later), which in a way also helps in satisfying the lepton flavour violation constraint coming from Br(µ → eγ)=4.2 × 10 −13 . Since such small first two generation Yukawas are anyway not going to play any significant role in DM coannihilation we turn them off for this plot. However, the other Yukawa couplings are generated using Casas-Ibarra parameterisation so that all the points satisfy neutrino oscillation data. The Yukawa couplings which satisfy both LFV and DM relic abundance are shown in figure 8 .
The Yukawa couplings: y e1 = 0 and y µ1 = 0 are not desirable as we are looking for large displaced vertex signature of η ± through the decay mode η ± → N ± 1 /µ ± . Therefore, we allow y e1 and y µ1 to vary within the range 10 δM 1 . We see that as δM 1 decreases we need smaller and smaller y e1 and y µ1 values to satisfy relic density and LFV constraints. We checked that the neutrino mass is also not affected for y e1 , y µ 1 10 −5 . On the other hand, such small Yukawa couplings can give rise large displaced vertex signature of η ± as we discuss below.
C. Direct Detection of Dark Matter
Apart from the relic abundance constraints from Planck experiment, there exists strict bounds on the dark matter nucleon cross section from direct detection experiments like LUX [76] , PandaX-II [77, 78] and Xenon1T [79, 80] . figure 10 can however, saturate the latest experimental bounds. For the scalar mediated case, the spin-independent elastic scattering cross-section of DM per nucleon can be written as, where A and Z are the mass and atomic number of the target nucleus respectively. µ r is the reduced mass. The interaction strengths of proton f p and neutron f n with DM can be written as,
.
We show the DM-nucleon cross section mediated by scalars in figure 11 in comparison to the latest Xenon1T bound [80] . The only unknown parameter in (35) is λ 11 and sin 2γ.
sin γ is taken as 0.1. In figure 11 the blue points show the spin-independent DM-nucleon cross-section for the values of λ 11 in between (0.2 − 2) from bottom to top at a step of 0.1. As can be seen from this plot, the model remains sensitive to present direct detection experiments, specially when λ 11 ≥ 0.9. Here we have kept fixed the mass splittings as M η ± − M N 1 =5 GeV and Here we have kept fixed the mass splittings as M η ± − M N 1 =1 GeV and
VI. COLLIDER SIGNATURES
Collider signatures of U (1) B−L models have been discussed extensively in the literature.
Since all the SM fermions are charged under this gauge symmetry, the production of Z B−L gauge boson in proton proton collisions can be significant [54, 55, 82] Here we have kept fixed the mass splittings as M η 0R − M N 1 =1 GeV and For recent searches of displaced vertex type signatures at the LHC, one may refer to [96, 97] .
For a recent discussion on such signatures in type I seesaw model and active-sterile neutrino mixing case, please see [98] and [99] .
The decay width of η ± can be written as
where y µ1 is the Yukawa coupling of the interaction η ± N 1 µ. The corresponding decay length as a function of η ± mass for different benchmark values of y µ1 are shown in figure 12 . At high luminosity LHC, decay length of a few cm can be searched for, if the decaying particle has production cross section of the order a few fb or more [98] , which is clearly satisfied for several benchmark masses as shown in table III, IV, V. Although such tiny Yukawa couplings required for displaced vertex signatures will not induce any co-annihilations between N 1 and the components of η, we can still have strong co-annihilations due to tau lepton couplings while η ± decay into DM and tau lepton can be kinematically forbidden. In such a case, DM (N 1 ) can be sufficiently light due to strong co-annihilations via tau lepton sector couplings but at the same time we can have displaced vertex signatures of η ± into first two generation charged leptons. Future proposed experiments like the Large Hadron electron Collider (LHeC), Future Circular electron-hadron Collider (FCC-eh) will be able to search for even shorter decay lengths and cross sections, than the ones discussed here.
Another interesting possibility arises when the mass splitting between η ± and η 0 is very small, of the order of 100 MeV. For such mass splitting, the dominant decay mode of η ± can be η ± → η 0 π ± , if the corresponding Yukawa coupling of η ± N 1 l vertex is kept sufficiently small for the leptonic decay mode to be subdominant. The corresponding decay width is given by
where f π , g, m W are the form factor , gauge coupling, and W boson mass respectively. Such tiny decay width keeps the lifetime of η ± 1 considerably long enough that it can reach the detector before decaying. In fact, the ATLAS experiment at the LHC has already searched for such long-lived charged particles with lifetime ranging from 10 ps to 10 ns, with maximum sensitivity around 1 ns [97] . In the decay η ± → η 0 π ± , the final state pion typically has very low momentum and it is not reconstructed in the detector. On the other hand the neutral scalar in the final state η 0 eventually decays into DM and a light neutrino and hence remain invisible throughout. Therefore, it gives rise to a signature where a charged particle leaves a track in the inner parts of the detector and then disappears leaving no tracks in the portions of the detector at higher radii. The corresponding decay length as a function of η ± mass is shown in the left panel plot of figure 13 . The right panel plot of figure 13 shows a comparison of the decay length in our model with the ATLAS bound [97] . In figure 14 , we show the comparison between the leptonic decay mode and pionic decay mode for different benchmark values of Yukawa couplings.
VII. CONCLUSIONS
We have studied a simple extension of the minimal gauged U (1) B−L with three righthanded neutrinos in order to realise fermion singlet dark matter. The minimal model is extended by a scalar doublet η and an additional Z 2 symmetry so that the right-handed neutrinos and η are odd under this Z 2 symmetry while all other fields are even. Neutrinos remain massless at tree level but acquires a radiative contribution with the Z 2 odd fields going in the look, in a way similar to scotogenic scenarios. The lightest Z 2 odd particle, considered to be the lightest right-handed neutrino, is the dark matter candidate in the model. Due to lepton portal interactions and hence several co-annihilation channels, there exists enlarged parameter space in terms of dark matter mass so that the correct relic abundance is obtained. This is in sharp contrast with minimal fermion singlet dark matter scenarios in such models where relic is usually satisfied only in the vicinity of resonance regions. We also find that the co-annihilation between right-handed neutrino DM and the Z 2 odd scalar doublet remains dominant over that between DM and heavier right-handed neutrinos.
Here we note that the DM relic is generated by virtue of both gauge, scalar portal as beyond unity, keeping the Z 2 symmetric vacuum stable at low energy scale relevant to the desired phenomenology.
After showing the parameter space allowed from relic abundance criteria, we incorporate the constraints from neutrino mass and dark matter direct detection. While the direct detection scattering mediated by the U (1) B−L gauge bosons remain velocity suppressed, the scalar mediated contribution can saturate the current limits on spin independent direct detection cross section. Since the Yukawa interactions responsible for enhanced coannihilation of DM with scalar doublet also appear in one loop neutrino mass formula and can lead to charged lepton flavour violation like µ → eγ at one-loop, we can tightly constrain them from existing constraints, in addition to the relic bounds. Motivated from collider signature point of view, we consider small mass splitting (less than tau lepton mass )between DM and scalar doublet and also small coupling to first two generation of leptons so that the charged component of the scalar doublet (the NLSP) after getting produced significantly at the LHC due to electroweak gauge interactions, can give rise to displaced vertex signatures via decaying into muon or electrons. One can also have a disappearing charged track signature where the charged component of the scalar doublet can decay into the neutral component and a pion with too low kinetic energy to get detected. Both these types of signatures are being searched for the LHC and could be a promising way of discovering BSM physics apart from the usual collider prospects of U (1) B−L models. We constrain the parameter space from the requirements of DM relic density, direct detection , light neutrino masses and mixing, MEG 2016 bound on µ → eγ and finally from the requirement of producing displaced vertex signatures at the LHC. We find that the model can have discovery prospects at direct search and LFV experiments as well, apart from the LHC signatures.
